Abstract-This paper reports on an integrated mechanooptical waveguide ON-OFF switch, where an absorbing element is moved into and out of the evanescent field of the guided mode in order to achieve switching. For the electrostatically driven devices, an extinction ratio of 65 dB at an actuation voltage of 2.5 V has been achieved in a 9.5-mm-long device for a wavelength of 632.8 nm. The calculated mechanical fundamental resonance frequency is 1.95 kHz. The device design enables future vacuum sealing that will annihilate the squeeze damping which, in the present device, reduces the response time to 10 s. Full-wafer scale fabrication is enabled by using standard silicon technology, chemical mechanical polishing and aligned wafer bonding. The devices can be used for channel selection purposes in integrated optical sensor arrays.
M
OST ACTIVE integrated optical devices require the use of electrooptic or thermooptic materials, the first showing small effects and the latter requiring relatively high switching powers. Devices based on the integrated optic nanomechanical (IONM) effect do not show these drawbacks. In these devices, the mechanooptical interaction is achieved by moving an element into the evanescent field of a waveguide mode [1] , [2] . Fig. 1 gives a schematic representation of this mechanism. The element can either change the real or the imaginary part of the effective refractive index of the guided mode. The effect was named after the nanometer scale movement of the element in the evanescent field. Several devices based on the IONM effect have been reported so far. Devices based on phase modulation, such as a Mach-Zehnder-based switch [3] , a Bragg-reflector-based wavelength-filter [4] , [5] and an acoustooptical sensor [6] . Also electrostatically driven intensity ON-OFF switches using an absorbing element have been reported [5] , [7] , [8] . These devices perform an Manuscript received June 1, 1998 ; revised September 17, 1998 . This work was supported by the Dutch Innovative Research Program (IOP) ElectroOptics and the Dutch Technology Foundation (STW).
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Publisher Item Identifier S 1077-260X(99)00645-0. elementary optical function and are expected to be of use in various applications. They can be used for the channel selection in intensity-based integrated optical sensor arrays [9] or as a shutter to lower the cross-talk in more sophisticated switches. Elementary advantages of the electrostatic actuation are that no actuation is required in the ON state, while actuation requires a low-power consumption.
The performance of these devices is improving continuously. Magel [5] reports on electrostatically driven devices fabricated with sacrificial etching techniques that show an extinction ratio of 17 dB at a voltage of 50 V and a response time of 0.5 s. Recently, we proposed and demonstrated the feasibility of an electrostatically driven ON-OFF intensity switch, which is fabricated using a two-wafer technique [7] . Due to the good control of the fabrication process, a device was obtained, showing a 37-dB extinction ratio at a 25-V driving voltage [8] .
This paper will report on a completely new design of the ON-OFF switch. By using a double side clamped membrane instead of a four side clamped one and by a careful optimization of the device parameters, the relevant device characteristics have been improved considerably. The actuation voltage has been reduced to 2.5 V, while the extinction has been enlarged to 65 dB. The improved fabrication process allows for a better control of the membrane thickness and the resulting switch can be easily enclosed in a sealed cavity. The latter not only prevents pollution of the device, thus increasing the lifetime, but is also facilitating future vacuum sealing.
The following will start with the device design, followed by a description of the fabrication process. Finally, measurements on the static as well as on the dynamic behavior of the device will be presented and discussed.
1077-260X/99$10.00 © 1999 IEEE Fig. 2 shows an exposed view of the device. The devices are fabricated in standard silicon technology and consist of a wafer with the optical waveguide structures (optical wafer), a wafer with movable elements (mechanical wafer) and a glass plate for sealing the cavity. These three parts are fabricated separately and the complete device is then assembled by bonding them together. The devices will be actuated electrostatically. The mutually electrically isolated mechanical and optical wafers serve as the electrodes. The electrostatic force drives the movable element towards the waveguide upon application of an actuation voltage.
II. DEVICE DESIGN

A. Optical Design
The waveguide is designed in SiON-technology for the He-Ne wavelength, nm and TE-polarization of the propagating mode. The used ridge type channel waveguide is schematically shown in Fig. 3 . The waveguide consists of a Si N core layer ) on top of a SiO buffer layer ). Such channel waveguides have often been applied in integrated optical sensing [10] , [11] and show excellent characteristics, such as good thickness uniformity, high refractive index homogeneity as well as a low attenuation of typically 1 dB/cm [12] . The use of a monomode high guidance waveguide makes it possible to obtain a high powerfraction of the guided mode in the air, while the penetration depth is small [13] . In this way, only a small movement of the element is required for obtaining significant effects. The movable element is made of Si , which is not transparent for the used wavelength and also shows a much higher value of the real part of the refractive index than the waveguide core. Moving the element closer to the core layer will result in leakage of light from the waveguide to the element, which will then immediately be absorbed (the bulk attenuation of Si at nm is 1.7 10 dB/cm). As will be discussed later on, the lateral confinement of the light will be achieved by etching a ridge with a height of only 1 nm into the waveguide layer. Therefore, the attenuation of the channel waveguide, as induced by the movable element, will approximately (i.e., within 1%) be equal to that of the slab waveguide. Fig. 4 shows the losses of the guided slab mode after decreasing the gap width from infinity (no attenuation) to 100 nm, versus the thickness of the core layer, , as calculated with a commercially available two-dimensional (2-D) modesolver. 1 The smallest gap width being 100 nm, results from the incorporation of bumps into the design as discussed later on. From the figure, it is clear that for all values of the effects are extremely large. Nevertheless, a clear maximum attenuation loss of 12 000 dB/cm is theoretically reached for a core thickness nm, which therefore, is used for the device. In this case, an interaction length of 50 m is sufficient to obtain an extinction ratio 60 dB. Note that loss values of 60 dB are very difficult to measure experimentally, because of the inevitable occurrence of stray light that propagates as slab modes through the IO-chip and is in part collected by the detector. The stray light originates from the nonperfect performance of functional elements like fiber-chip couplers, where mode-mismatch cannot be ruled out completely.
The initial gap width should be as small as possible, so minimal movement is required for obtaining a high attenuation. On the other hand it should be large enough to assure that in the ON state no significant attenuation (i.e., dB/cm) occurs in the switch. The choice of the gap width is however, dictated by another consideration. The input and output waveguide are covered by a SiO cladding layer , which will also serve as a spacer layer in the assembled system. In this region the evanescent field has a larger penetration depth than in the air gap and a cladding thickness ( initial gap width), m has to be chosen to assure that the attenuation by the silicon is less than 0.01 dB/cm in this region. 1 For the choice of the thickness of the buffer layer the same type of consideration holds as for the initial gap width. Now the penetration depth of the field into the buffer is largest in the air-gap region and a thickness m is used to assure that the attenuation due to the silicon substrate dB/cm in this region. 1 The light is confined laterally by a -mwide ridge, which is the minimum width that can be defined with the available pattern generator, of -nm height in the Si N layer. The ridge height was chosen to guarantee monomodal behavior of the waveguide, the cutoff of the firstorder lateral mode corresponding with a ridge height of 2 nm. The lateral modal width 1 is 5 m and the element should be much wider to assure that all of the guided mode is attenuated.
B. Mechanical Design
The element can be suspended above the waveguide in the form of a membrane, bridge or cantilever structure. Although for a given device length, the required actuation voltage is lowest for the cantilever, here the emphasis is laid on the design of bridge structures. However, also some experimental results on cantilevers will be presented.
The device is actuated electrostatically by applying a voltage between the mechanical and the optical silicon-wafer. By increasing the voltage the gap width gets smaller. However, at a certain gap width, pull-in will occur [14] . This means that beyond this point no stable equilibrium for the element position exists. If the applied voltage is larger than the pull-in voltage, -, the bridge will immediately fall down to the smallest possible gap width (due to the bumps) of 100 nm, i.e., the OFF state.
For the current device, the pull-in voltage can be calculated from [14] -
where is the dielectric constant in vacuum, GPa is the Young's modulus of single crystalline silicon and is Poisson's ratio. The effective distance between the two capacitor plates (i.e., the silicon wafers), , can be calculated as (see Fig. 3 ), where , , and are the relative dielectric constants of the used materials [15] .
is the bridge length and represents its thickness. The width of the bridge does not play any role here. Fig. 5 shows the pull-in voltage versus the bridge length, , with the bridge thickness, , as a parameter. For obtaining a low actuation voltage the bridge thickness should be made as small as possible. Taking into account technological considerations m is chosen. At a given bridge thickness, the pull-in voltage gets lower as the bridge gets longer. For the reported device an actuation voltage of 1.25 V was chosen which fixes the bridge length at mm. For the bridge width , two values are chosen to investigate the influence of this parameter on the attenuation as well as the dynamic behavior. The values are m and m. The width of the air gap next to the bridge is 1 mm. The device sizes are 3.2 9.5 mm and 5 9.5 mm for the narrow and the wide bridge device, respectively. After pull-in, the shape of the beam is difficult to model. However, according to Fig. 4 , the attenuation per micrometer will be so high that once pull-in has occurred, the mode will be sufficiently attenuated. The use of the pull-in mechanism will result in the smallest possible actuation voltages, note however that the device can also be designed in such a way that no pullin occurs. Although, in this case, the actuation voltage will be much larger, this configuration has the advantage that the attenuation can be controlled continuously and that any contact between the waveguide and the bridge can be avoided, thus ruling out the occurrence of stiction during actuation.
An important parameter in the dynamic behavior of the device is the fundamental resonance frequency of a bridge. It can be calculated from [16] (2) where is a constant which depends on the resonant mode order and kg/m is the density of silicon [15] . From (2) it is clear that the longer the bridge, the lower the resonance frequency. Thus, there is a clear tradeoff between a low actuation voltage (1) and a high resonance frequency (2). The same holds for the bridge thickness. By substituting the parameters of the designed device into (2), the resonance frequency can be calculated to be kHz. This means that actuation frequencies up to 1 kHz should be possible. Unfortunately, in the current device, the dynamic behavior is deteriorated by air damping so the real modulation frequency is expected to be much lower.
To estimate the effect of the air damping on the dynamic behavior, the response time of the bridge is calculated for small deflections. In that case, the two most important damping mechanisms involved are free space airflow damping and squeeze damping in the narrow gap. Hosaka et al. [17] provide methods to calculate both damping coefficients for a slender beam. Because in the reported devices the air gap is very narrow (at least 100 times as small as the beam width), the squeeze effect dominates the damping (about three orders of magnitude higher than free space airflow damping).
For every eigenmode of the beam, the system can be modeled as a damper-spring system, for which a standard second order transfer function applies. If the system is highly damped, as is the case here, this transfer function can be written as a cascade of two first-order systems: (3) in which the time constants can be expressed as (4) (5) where is the eigenfrequency and is the damping ratio of mode . The approximation, is allowed if the damping ratio is very large, i.e.,
. In that case, is dictating the time response of the system and will from now on be written as .
Substitution of the eigenfrequency (2) into the expression for the dampings ratio given in [17] results in (6) where N s m [15] is the air viscosity in ambient atmosphere. If the fundamental mode is considered only , the damping ratios yield , and for the narrow and the wide beam, respectively. Because both devices are highly damped, indeed the approximations introduced in (4) and (5) are valid. By substituting the obtained values in (4) the time constants can be calculated, resulting in ms for the narrow and s for the wide. Especially the wide beam will be very slow.
In order to prevent stiction [18] of the element to the waveguide during fabrication or after actuation of the device, bumps have been introduced in the design [7] that will reduce the contact surface. The bumps are 10 10 m wide, 100 nm high and symmetrically distributed underneath the bridge. Starting 35 m from the waveguide center, they are repeated every 500 m in the lateral direction and every 200 m in the propagation direction. To investigate the necessity of the bumps also a device without bumps was included in the design.
The cavity is sealed by bonding a glass plate on top of the mechanical wafer. This prevents pollution of the cavity and protects the bridge. It also enables the control of the modulator environment (i.e., the pressure and the gas composition in the cavity). In the current design the device was bonded under atmospheric conditions. However, in the future vacuum bonding can be applied which should remove the squeeze-film damping and will prevent the humidity related loading effects which are sometimes observed in these type of devices [4] . 
III. DEVICE FABRICATION
A. Optical Wafer
The fabrication process for the optical wafer [12] starts with the thermal growth of a 2-m-thick SiO layer on top of a 3-in silicon substrate. In this layer, bumps were fabricated by means of photolithography and BHF etching. Next a lowpressure chemical vapor deposition (LPCVD) Si N layer was deposited on the oxidized wafer, followed by the definition of channel waveguides by means of photolithography and BHF etching. After that, a plasma-enhanced chemical vapor deposited (PECVD) SiO cladding/spacer layer of 1.6-m thickness was deposited. After smoothing the PECVD SiO layer using CMP, cavities were patterned and etched with a BHF solution. Fig. 6 schematically shows the fabrication sequence of the mechanical wafer. The fabrication of the mechanical wafer starts with a 3-in double-sided polished oriented silicon wafer. After growing a low stress LPCVD silicon nitride masking layer, the bridge pattern is applied in the mask layer on one side of the wafer, followed by etching 20-m-deep holes with a 25% KOH solution at 75 C [this etch depth will define the bridge thickness, see Fig. 6(a) ]. After this the mask layer was removed using an HF etchant and a new silicon nitride masking layer was deposited. This time the other side of the wafer is patterned and by applying a visual stop technique (silicon is not transparent for visible light, silicon nitride is), the bridges are etched free with the previously mentioned KOH etchant [see Fig. 6(b) ]. This visual stop procedure allows for a more accurate bridge thickness definition than the previously reported time-stop procedure [7] . To complete the mechanical wafer, the masking layer is removed [ Fig. 6(c) ].
B. Mechanical Wafer
C. Chemical Mechanical Polishing
To enable direct bonding between PECVD SiO and Si, a CMP process on the PECVD SiO layer surface is necessary [19] . Fig. 7 shows the surface roughness of PECVD SiO before and after CMP as measured with an atomic force microscope (AFM). The root-mean-square (rms) roughness of PECVD SiO was reduced with a factor of 10 after polishing. 
D. Aligned Wafer Bonding of Mechanical and Optical Wafers
After fabricating the optical wafer and the mechanical wafer, aligned wafer bonding was used to assemble them together [7] . Prior to bonding, the optical and membrane wafers were thoroughly cleaned. The bonding of both wafers was carried out with a double-sided mask aligner. This mask aligner allows an alignment accuracy of about 1 m. Special attention should be paid to prevent contamination of the wafers during loading. After bonding, the wafer pair was annealed at an elevated temperature of 800 C for 4 h. The resulting bonding strength is around 2 J/m . Fig. 8 shows a SEM picture of the topside of the narrow bridge device at this stage of the fabrication process. The suspended bridge is clearly visible.
E. Sealing the Cavity
The cavities are sealed by anodic bonding of a piece of pyrex onto the mechanical wafer. From a 500-m pyrex wafer a strip is diced which is sufficiently large to cover all cavities. After cleaning the pyrex strip with HNO , both the fusion bonded wafer-pair and the pyrex strip are cleaned by O plasma ashing. After aligning the strip on top of the mechanical wafer by hand, anodic bonding is conducted at 450 C, 500 V for about 20 min. 
F. Dicing
Special care has been taken in dicing the devices. The normal dicing procedure, i.e., just sawing the wafer in pieces, brings the risk that particles are short circuiting the optical and mechanical wafer, which makes the electrostatic actuation impossible. Also laser cutting cannot be applied, because of the risk of melting both wafers together, again creating a short circuit. Cleaving the device over one of the crystal axis of silicon is also not possible due to the slight misorientation of the crystal axes of the two bonded silicon wafers. The solution to this problem, illustrated in Fig. 9 , was found in stopping the sawing of the wafer stack just before the interface between the optical and mechanical wafer is reached and then use this line to cleave the devices.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
Five different devices have been fabricated. Two with the bridges as described before, two cantilever structures with the same widths as the bridges, and a narrow bridge device without bumps. It was found that immediately after fabrication, in the device without bumps the bridge was stuck to the optical wafer. This was not observed in the devices with bumps. This clearly proves the necessity of introducing bumps into the design. The other four devices showed attenuation of the optical power upon actuation. Unfortunately, after applying actuation voltages higher than 20 V, the cantilevers got stuck to the optical wafer. This is attributed to the flexibility of the cantilevers, being clamped at one side only, which enables an additional deformation in between two neighboring bumps, the down side finally reaching the optical wafer. This made further characterization of these devices impossible. Nevertheless, it is believed that cantilevers can be used well for these type of device provided that the maximum actuation voltage is limited to below the critical value for stiction. The shift of the pull-in voltage compared to the designed value of 1.25 V is attributed to differences between the actual thicknesses of the different layers and the intended values. For voltages above 1.75 V the device will switch to the OFF state, which shows the very high extinction ratio of 59 dB. This value does not represent the ultimate limit of the attenuation mechanism. It is believed that the resulting detected intensity is stray-light, arising from imperfect end-fire coupling of the laser light into the waveguide channel. The laser beam is focused down to a circular spot of 2 m diameter, while the channel-mode shape is elliptical with dimensions of 0.5 m 5 m. Therefore, a large fraction of the light will be coupled to radiation modes propagating within the multilayer structure. For voltages above 2.5 V an even higher extinction ratio of 65 dB can be obtained. This last increase cannot be explained by additional bending of the bridge in-between the bumps. Calculations showed that a 200-m wide bridge at 100 nm above the waveguide will only deflect 0.05 nm [14] , i.e., will only increase the optical losses (in decibels) by 0.1 %. 1 It is believed that the extra loss results from the attenuation of radiation modes by the increased contact area (in the propagation direction) that occurs when the bridge rolls off due to a voltage increase after pull-in. The modeling of the bridge shape after pull-in is very difficult and has not been performed yet. For the narrow bridge, the maximum extinction obtained was only 43 dB when an actuation voltage above is applied. This lower extinction is attributed to a stronger contribution of the radiation modes; the 3-mm-wide beam is capable of attenuating more of these radiation modes, which leads to the higher extinction.
The experimentally observed response time of the devices upon actuation is clearly different for the two devices. Both response times were limited by the elastic recovery of the beam from full deflection back to its original position. That of the narrow bridge was approximately 10 ms where as the response time of the wide bridge was approximately 10 s. This agrees very well with the values of 13 ms and 8.4 s calculated for the squeeze-film damping induced time-constants. Therefore, it can be concluded that, as expected, squeeze-film damping is the major damping mechanism in ambient atmosphere. A significant improvement of the modulation speed might therefore be expected if the squeeze damping is taken away by vacuum sealing the device. In that case it is expected that the modulation frequency will be limited by the mechanical fundamental resonant frequency of 1.95 kHz.
V. CONCLUSION
In conclusion, a standard Si-Si N -SiO -technology-based electrostatically driven integrated mechanooptical waveguide ON-OFF switch is reported, which has an extinction ratio of 65 dB at an actuation voltage of 2.5 V. The frequency response is shown to be limited by squeeze-film damping. However, the device design enables future vacuum sealing, which will annihilate this damping and will reduce the response time remarkably. The device performs an elementary optical function and can be used for the channel selection in intensity-based integrated optical sensor arrays or as a shutter to decrease the cross-talk in switches.
